abstract glutamine plays an important role in neonatal growth and health. It is unknown whether supplementing the lactating sows' diet with glutamine will benefit the growth performance and intestinal development of suckling piglets through increasing content of milk glutamine. A total of 24 lactating sows (Large White) were fed diets supplemented with/without 1% glutamine throughout the 21-d lactation. Feed intake of the sows was recorded, blood and milk samples were collected. Piglets were weighed at birth and weaning, one piglet randomly selected from each litter was sacrificed for morphological analysis of the small intestine. Average daily feed intake of the sows did not differ between control and glutamine groups. Concentrations of total protein and urea nitrogen in sows' serum was increased by glutamine at d 14 of lactation (P<0.05). Contents of glutamine in both plasma and milk of sows were significantly increased by glutamine supplementation throughout lactation (P<0.01). Concentrations of proline, citrulline, valine, isoleucine, leucine, and arginine in sows' plasma were increased by glutamine supplementation (all P<0.05). Milk yield was increased by glutamine supplementation at d 14 and 21 of lactation (P<0.05). Supplementing the lactating sows' diet with glutamine increased average daily gain (P=0.006), weaning weight (P=0.032), as well as villous height and ratio of villous height:crypt depth in duodenum of the suckling piglets (both P<0.05). Collectively, supplementing lactating sows' diet with 1% glutamine significantly improved the growth performance of suckling piglets through elevating milk yield and glutamine content in the milk.
of all amino acids in the circulation, glutamine functions as a nitrogen and amine carrier among tissues and organs, and is also widely considered to be the most important glycogenic amino acid (Souba and Wilmore, 1985; Stumvoll et al., 1999) . Glutamine is mainly metabolized in intestinal and immune cells as an energy source and substrate for biosynthesis of citrulline, pyrimidines and purines (Wu et al., 2016) . Glutamine is also important in the regulation of acid-base balance and thus prevents metabolic acidosis (Wu et al., 1997; Boza et al., 2000; Hulsewe et al., 2004) . It has been demonstrated that glutamine is necessary in the critically ill to stimulate DNA synthesis and increase mucosal mass when endogenous supply of glutamine is insufficient (Lacey and Wilmore, 1990) . Oral administration of glutamine (0.5 g/kg BW; twice daily) to 7-to 21-d-old sucking piglets increases their growth performance by 12% (Haynes et al., 2009) , indicating that augmenting glutamine content beyond that obtained from milk is beneficial for improving growth performance of the young pigs.
The content of free glutamine in sows' milk increases the most among all free amino acids during lactation, and becomes the most abundant free amino acid in milk during late lactation (Wu and Knabe, 1994; Wu et al., 2010) . Increased export of glutamine into milk, however, exacerbates mobilization of tissue protein in sows (Clowes et al., 2005) , which will further compromise milking and reproductive performance of the sows as well as growth performance and health status of the piglets. Supplementing the lactating sows' diet with a mixture of glutamine and glutamate has been shown to increase content of glutamine in the milk (Manso et al., 2012; Aquino et al., 2014) . It is likely that supplementing lactating sows' diet with glutamine may therefore improve growth of suckling piglets. The present study was designed to investigate the effect of supplementing lactating sows' diet with glutamine on intestinal development and growth performance of suckling piglets.
material and methods animals and diets
The protocol for the present research was approved by the Animal Experimental Committee of the Institute of Animal Science, Guangdong Academy of Agricultural Sciences.
A total of 24 gestating sows (Large White) with similar expected farrowing dates were assigned according to parity (parity 3 to 5) into 2 treatments (12 sows each). All sows were transferred into a farrowing house with temperature control, adequate lying area and free access to water 7 d before expected delivery. Experimental diets supplemented with 1% glutamine or 1.22% alanine (isonitrogenous control) were provided to sows 1 d before parturition through weaning at 21 d of lactation. The diets (Table 1) were formulated using primarily corn and soybean meal, based on NRC (1998) requirements. feeding and sample collection Daily feed intake of each sow was recorded to calculate average daily feed intake (ADFI). Milk yield was measured from 09:30 through 21:30 at d 7, 14, and 21 of lactation, using 4 randomly selected sows from each treatment; measurement was done by the standard weigh-suckle-weigh method.
Litter size of each sow was adjusted to 10 piglets within 48 h of parturition by cross-fostering. No creep feed was offered to piglets during the experiment. Body weight (BW) of each piglet at birth and at weaning was recorded to calculate average daily gain (ADG).
chemical analyses
Blood was sampled from the marginal ear vein of each sow, at 09:00 (2 h after feeding), on d 1, 7, 14 and 21 of lactation. Plasma and serum were collected and stored at -80 o C for subsequent analyses. Milk was collected at 08:00 on d 1, 7, 14 and 21 of lactation from 4 randomly selected sows per treatment. The entire udder was completely milked, 20 units of oxytocin was injected when needed. Aliquots of the well-mixed milk were stored at -80 o C until analyzing. Concentrations of selected free amino acids (glutamine, proline, citrulline, valine, isoleucine, leucine, ornithine and arginine) in milk and plasma of sows were measured using an automatic amino acid analyzer (Hitachi 8800, Tokyo, Japan) in accordance with the manufacturer's instructions. A Milkoscan FT 120 (Foss Electric, Hillerød, Denmark) was used to measure milk composition (lactoprotein, milk fat, lactose, and non-fat solids) following the manufacturer's instructions. Total protein, urea nitrogen and albumin in serum were determined by an automatic biochemistry analyzer (Synchron CX5, Beckman Coulter, Brea, CA).
Intestinal morphology of suckling piglets
One randomly selected piglet per sow (n = 12) was euthanatized with an overdose of i.v. sodium pentobarbital on d 21, segments (1 to 2 cm) at the middle of the duodenum, jejunum and ileum were collected and fixed in 10% neutral buffered formalin. Samples were further processed and stained with hematoxylin and eosin, as described by Nabuurs et al. (1993) . Villous height and crypt depth were measured using an image processing and analysis system (Optimus version 6.5 software, Media Cybernetics, North Reading, MA) and ratio of villous height : crypt depth was calculated.
data analysis and statistics
All data are presented as means with pooled SEM. Each sow was taken as the experimental unit with multiple within-sow measurements, e.g. piglet weight, being averaged. The effect of glutamine supplementation was analyzed using Student's t test (SAS Inst. Inc., Cary, NC). Probability values less than 0.05 were considered to be statistically significant.
results
Feed intake and biochemical variables in blood of lactating sows ADFI of the sows did not differ between the glutamine-supplemented and control pigs (4.48 vs. 4.43 kg, P>0.05). Contents of total protein (P=0.006) and urea nitrogen (P=0.043) in serum were significantly increased by glutamine supplementation at d 14 of lactation (Table 2) . Contents of albumin in serum did not differ between glutamine-supplemented and control sows throughout the experiment.
Concentrations of free amino acids in plasma of lactating sows, as affected by glutamine supplementation, are shown in Milk yield and composition, and contents of free amino acids in milk of lactating sows
As shown in Table 4 , milk yield at d 14 and 21 was greater in sows fed the glutamine-supplemented diet, compared with control sows (both P<0.05). However, there was no significant difference between sows supplemented with glutamine and controls in milk composition (contents of lactoprotein, milk fat, lactose, or non-fat solids) throughout the experimental period.
Concentrations of free amino acids in milk are presented in Table 5 . Content of glutamine in milk of glutamine-treated sows was significantly higher than in the controls at d 1, 7, 14, and 21 of lactation (all P<0.01). With the exception of valine and leucine, which were significantly decreased by glutamine-supplementation at d 21 (both P<0.05), the concentrations of proline, isoleucine, ornithine, and arginine in sows' milk were essentially unaffected by glutamine treatment. 
Growth performance and intestinal development of suckling piglets
Compared with the controls, supplementing the lactating sows' diet with glutamine significantly increased ADG (120% that of controls, P=0.006) and weaning weight (5.32 vs. 6.04 kg, P=0.032) of suckling piglets (Table 6 ). Glutamine supplementation significantly increased villous height and ratio of villous height:crypt depth in duodenum (both P<0.05), crypt depth in duodenum and ileum (both P<0.05) of suckling piglets, compared to their control counterparts (Table 7 ). The ratio of villous height:crypt depth was decreased by glutamine treatment in ileum (P=0.002). 
discussion
The data obtained in the present study showed that supplementing the lactating sow's diet with 1% glutamine increased milk yield and content of free glutamine in milk, which is presumed to account for improved growth performance and development of the intestinal mucosa of the suckling piglets. The beneficial effects of elevated milk glutamine on suckling piglets are consistent with previous studies for piglets offered diets supplemented with glutamine (Wu et al., 1996; Wang et al., 2008; Haynes et al., 2009; Cabrera et al., 2013) .
Accounting for approximately one-half of the whole body pool of free amino acids (Souba and Wilmore, 1985; Stumvoll et al., 1999) , glutamine is the most abundant amino acid in blood and intracellular fluids. At low dietary levels, most ingested glutamine is catabolized by the visceral tissues and fails to enter the peripheral circulation; the large pool of glutamine within the body is essentially synthesized de novo (Squires and Brosnan, 1983; Hankard et al., 1995; Wu et al., 2007; Wu et al., 2013) . In the present study, plasma concentration of glutamine was markedly increased by dietary supplementation with 1% glutamine in lactating sows, which is consistent with findings in weaning piglets (Wang et al., 2008) and rats (Boza et al., 2001) . Manso (2012) reported that compared with the negative control, dietary supplementation with 2.5% AminoGut, Ajinomoto (a commercial glutamine product, which was indicated to contain 10% free glutamine and 10% glutamic acid) significantly increased plasma content of glutamine plus glutamate at 21 d post-farrowing in lactating gilts, while supplementation with 2.5% L-glutamine did not have such effect in the gilts. We also found in a pilot study that, compared with dietary supplementation of 1% glutamine, 3% glutamine tended to have no better effect in increasing plasma glutamine content (unpublished data). These results suggest that the glutamine ef-fects were concentration-dependent and appeared to diminish when a high level of glutamine was used.
Intestinal uptake of glutamine is mediated by discrete sodium-dependent and sodium-independent glutamine transport systems, located in the brush border membrane (Wilde and Kilberg, 1991; Broer, 2008) . Upon entering enterocytes, glutamine is either metabolized intracellularly or is released across the basolateral membrane as free amino acid or metabolites to reach the portal and then systemic circulations (Watford, 1994; Arnaud et al., 2004) . It would be reasonable to infer that the abundant glutamine present in intestinal lumen in supplemented animals increases the absorption or uptake of glutamine. Under normal conditions, most of the glutamine in blood of mammalian species is endogenously synthesized. Attempts to determine the turnover rate of glutamine in the body have yielded values of 1,300 to 3,800 μmol/kg/h in rats and 180 to 500 μmol/kg/h in humans (Squires and Brosnan, 1983; Kreider et al., 1997) . The large amount of endogenous glutamine emphasizes the importance of de novo glutamine synthesis. Therefore, both endogenous and exogenous sources of glutamine contribute to the glutamine pool in blood and changes in either will cause fluctuations. The objective of the present study was to increase milk glutamine by maternal dietary supplementation. The strategy was clearly effective, with the increase of glutamine in sows' milk reflecting the change in concentration of glutamine in plasma. This outcome was consistent with Aquino et al. (2014) who also found that supplementing lactating sows' diet with a mixture of glutamine and glutamate lead to increased milk glutamine throughout lactation.
In the present study, dietary glutamine supplementation also increased the concentrations of other amino acids in sows' plasma, particularly those of proline, citrulline, valine, isoleucine, leucine and arginine. There is evidence that the small intestine can take up and use glutamine while releasing arginine, alanine, citrulline, glutamate and proline into the circulatory system (Wu et al., 1994) . The effect of glutamine supplementation on other amino acids in milk was much less evident than in plasma. Indeed, concentrations of valine and leucine in milk were significantly decreased in glutamine-treated sows. The high level of glutamine in plasma and milk may suppress the secretion of leucine by the mammary gland since the two amino acids share a common transport system in the cell membrane and each inhibits transport of the other (Lynch and McGivan, 1987; Pacitti et al., 1993) . It is presumed that the increased milk consumed by the piglets (expressed as sows' milk yield) may result in identical amounts of valine and leucine transported to the piglets, as no adverse effect was induced by the lower concentrations of blood valine and leucine on growth performance of the suckling piglets. Nevertheless, net fluxes of free amino acids in both blood and milk of the sows needed to be determined to better show the changes introduced by glutamine supplementation. Despite the changes in concentrations of milk glutamine, valine and leucine, milk proximate composition was not influenced by dietary glutamine supplementation, whereas Aquino et al. (2014) reported that milk fat content was increased by supplementation of AminoGut, Ajinomoto. It is a limitation that concentrations of other amino acids, especially that of glutamate, were not included in the present study. Full spectrum of amino acids should be presented in further studies to better clarify the mechanism of amino acids functioning. conclusion Supplementation of 1% glutamine into lactating sow's diet increased plasma and milk glutamine, which resulted in enhanced growth performance of the suckling piglets.
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